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Abstract 
When the nozzle of release device directly faces the protected object, it is necessary for the superfine powder extinguishing agents (SPEA) 
to penetrate fire plume, so that SPEA can reach the fire source to extinguish fire effectively. Numerical simulation was used to make a 
comparative study on SPEA motion released at different driving pressures in fire. The simulation results indicate that the converging 
nozzle will enhance the capacity of extinguishing agent particles to penetrate fire plume, and its penetration capacity is 
directly proportional to the driving pressure value. When interacting with particles, the flame height decreases and flame width increases. 
The larger the driving pressure, the shorter time for particles to enter into fire source area. Particle concentration value in fire source area 
is relatively higher at 1.2MPa and it less changes at 1.0MPa. Larger driving pressure can accelerate the motion of particles to fill the 
extinguishing room. Eddies, which appear more easily at lower driving pressure, can also drive particles to fill the extinguishing room 
quickly, but with uneven distribution. 
© 2014 The Authors. Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
of ICPFFPE 2013. 
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Nomenclature 
I   constant, 319.425 
CD   gas leak coefficient, 0.72 
AC   nozzle exit area (m2) 
A0   nozzle entrance area (m2) 
V    volume of the device (m3) 
k    ratio of Specific Heat, 1.04 for N2
g    gravity acceleration, 9.81 (m/s2) 
R    general gas constant, 8.314×10-3MPagm3/ (kmolgK) 
M   gas molar mass (kg/kmol) 
T0   initial temperature within the container (K) 
P0   initial pressure within the container (MPa) 
Z    gas compressibility factor, 0.297 for N2 
S0   gas density within the device (kg/m3) 
S    gas density within the nozzle (kg/m3) 
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t     injection time (s) 
W0   initial gas quality within the container (kg) 
W (t) gas quality within the container at time t (s) 
V (t) release rate at time t (s) 
M   correction coefficient, 0.22 for 0.8MPa; 0.25 for 1.0MPa; 0.27 for 1.2MPa (Obtained by numerical simulation) 
1 Introduction 
As severe damaging effects to the ozone layer, Halon fire extinguishing agents have been successively drawn up in many 
countries[1]. So, finding Halon replacement and its extinguishing techniques have been the key task of research and 
development of fire extinguishing agent in recent years[2]. Superfine powder extinguishing agent (SPEA) is also named 
cold aerosol fire extinguishing agent[3], which is one of the best Halon replacements. Because of its micro-level particle 
diameter, not only the surface activity is greatly improved, but also the contact areas with fire are extended. Furthermore, 
micro-level diameter makes the extinguishing agent show gas properties and dispersion characteristics, so that the 
extinguishing agents are able to bypass obstacles and form a total flooding effect in enclosed spaces[4]. Currently, 
experimental studies on SPEA were mainly focused on its preparation[5, 6], surface treatments[7, 8] and fire fighting 
capacity[9-12]. However, few studies were reported on motion characteristics of SPEA in total flooding fire extinguishing 
process. So, it was very important to research the interaction between SPEA and fire by using numerical simulation and 
experimental methods. Presently, the motion process of superfine powder particles in non-fire condition was researched 
through numerical simulation method[13, 14]. Research results show that: Particles are mainly controlled by driving gas and 
move to the bottom of the room firstly after released, and then return to the top of the fire room after being hit by the bottom. 
There are already some particles reached the roof at about 0.5s. On the basis mentioned above, this article mainly discussed 
the motion characteristic and its influences of SPEA released in fire. A comparative study was made to show interaction 
effects between particles and flame at different driving pressures by Fluent software. Conclusions were drawn to provide 
scientific basis for further research of SPEA. 
2 Establishment of the Models 
2.1 Establishment of Physical Model 
Considering the consumption of computing resources and the symmetry of computational domain, two-dimensional 
extinguishing room was established. Its size was 3.5 m h 4 m (high hwidth), which was the minimum size prescribed in 
the industry standarḍGA578-2005, as showed in Fig.1. The release device was hung on the centre of the roof, and its 
volume was 8L. Converging nozzle was designed in order to enhance the capacity of particles to penetrate the fire plume. 
The entrance inner diameter was 0.019m, exit inner diameter was 0.015m, and the length of the nozzle was 0.03m. The oil 
pan was located in the centre of the ground, the height of oil pan was 0.12m, the thickness of oil was 0.05m, and width of oil 
surface was 0.5m. A 0.02m wide door gap was set at the bottom of the right side wall of the extinguishing room in order to 
consider a real pressure relief condition. The initial temperature was 298k and the initial pressure was standard atmospheric 
pressure (101325Pa). The influence of gravity was considered. The wall functions were standard wall functions. 
The reflection wall condition was chosen for the discrete phase. 
2.2 Establishment of Fire Source Model 
RNG k-F  turbulence model with buoyancy correction was used to simulate the turbulence motion in combustion 
process. P1 model was used to calculate radiation heat transfer. The wall was assumed to be the convective heat 
transfer solid wall. Finite-rate/Eddy-dissipation model was used to simulate the interaction between turbulence and chemical 
reactions. SIMPLEC algorithm was used, and second-order upwind scheme was chosen for carbon dioxide and energy item, 
while first-order upwind scheme was chosen for the remaining item. Igniting-up the fuel with 900K high-temperature and 
keeping it severely burning. Temperature distribution and carbon dioxide mass fraction distribution in extinguishing room at 
10s were showed in Fig.2 and Fig.3, respectively. It could be seen in Fig.2 that the highest temperature of flame was 1850k 
and the temperature below the nozzle was 600k ~ 700k. In Fig.3, carbon dioxide reached the top of the extinguishing room 
quickly under the driving of buoyancy plume, and the mass fraction of carbon dioxide was 2% at the top of the extinguishing 
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room. Then carbon dioxide moved to the side wall along the roof of extinguishing room, which led to large amounts of 
carbon dioxide accumulating at the top corner. At the same time, the fire plume kept entraining fresh air 
in the process of upward motion. So carbon dioxide was entrained to the middle plume. The upward speed of fire plume 
would be 5m/s at 10s. 
2.3 Establishment of Discrete Phase Model 
The stochastic tracking model, which belongs to discrete phase model, was used to simulate the motion characteristic of 
extinguishing agent particles in fire. In order to analyze the interaction between extinguishing agent particles and gas phase 
in fire, coupling effect between discrete phase and continuous phase was kept. The impact of turbulence on particles was 
considered. Non-spherical drag laws option was chosen. The Saffman lift force which is brought by shear stress was 
considered. Five simulation injections were established and the initial positions of the injections were uniform distributed in 
the nozzle. For particles, unsteady particle tracking was chosen, particle type was inert and the mean diameter was 6μm. The 
density of particles was 1804kg·m-3, the thermal conductivity of particles was 2.25w/m·K-1, the specific heat capacity was 
0.856kJ/kg·K-1, and the initial temperature of particle stream was 298K. 
2.4 User-defined Function of Release Rate Model 
In order to compare the motion characteristics of extinguishing agent particles at different driving pressures, three 
different values of driving pressure, which were 0.8MPa, 1.0MPa and 1.2MPa respectively, were considered. In the process 
of releasing particles with nitrogen, the inner pressure of release device decreasing, so did the export release rate, whose 
direction was vertically down. For purpose of the situation above, UDF (User-defined Function) was used to express the 
time-varying release rate. Equation 1 to 3 came from the gas leak source model of pressure vessel[15]. On this basis, release 
rate functions were draw by simplifying the model above, which was expressed in equation 4. 
	 

2
11
10
0
1 2
t 1
2 1
kk
k
D CC A gkPk t
V Z k
IY S

 ¬ ­  ¸ ¸ ­ ­ ®
  ¯¡ °¡ °¢ ±
                        ˄1˅ 
0 0 0/W PVM ZRT                                       ˄2˅ 
	 
 	 
0W t W tY                                        ˄3˅ 
0
0
( ) tW WV t
A t
M S
 ¬ ­ ­  ­ ­ ®
                                    ˄4˅ 
Substituting values into equation 4, and release rate functions for driving pressure of 0.8MPaǃ1.0MPa and 1.2MPa were 
expressed in equations 5 to 7, respectively. 
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3 Results and Discussion 
The extinguishing agent particles were released after the fuel had been burned for about 10s. The time-varying motion of 
SPEA at different driving pressures was showed in Fig.4 to Fig.8. It could be seen that particles were mainly controlled by 
the driving gas and moved to the bottom of the fire room, then formed total flooding condition from the bottom up gradually. 
The converging nozzle could not only increase the kinetic energy of nitrogen but also shrink the jet stream, so do the 
released particles. So the capacity of particles to penetrate the fire plume was enhanced. Cross-figures comparisons of Fig.4 
and Fig.5 showed that: Particles firstly penetrated the fire plume and reached the bottom of the extinguishing room at 
1.2MPa. It indicated that the larger the driving pressure, the more quickly for particles to enter into fire source area. It could 
be found from Fig.6, at 0.8MPa, the jet flow, which contained particles group and nitrogen, was curved. This was because a 
large number of particles returned from the bottom after being hit and changed the direction of jet flow when colliding. 
Furthermore, the follow-up jet flow with lower driving pressure was not strong enough to penetrate the returned particle 
groups. The opened door gap at the bottom of the right side wall was the only pressure relief opening of the extinguishing 
room, and it caused that the follow-up jet flow changed the direction to the relief opening. So, a large number of particles 
controlled by nitrogen moved to the right side, which led to higher particle concentration in right side than left side of the 
extinguishing room. And the particles flooding height of the extinguishing room in the right side was always higher than the 
left until total flooding condition was formed. At 0.8MPa, total flooding condition was formed at 1.5s, while the time were 
1.7s and 1.9s for 1.2MPa and 1.0MPa respectively. Cross-figures comparisons of Fig.7 and Fig.8 indicated that eddies 
appeared in the extinguishing room at 0.8MPa and 1.0MPa in the late time during injection. But the phenomenon was not 
obvious for 1.2MPa. This was because, at lower pressure, the particles returned from the bottom of fire room could be more 
easily to change the direction of jet flow when colliding. The emergence of eddies would produce negative pressure in the 
center where particles were devoid. Moreover, most particles which were entrained did eccentric exercise, and the particle 
concentration was higher at the periphery of eddies, resulting in uneven particle distribution. Eddies could also entrain 
particles surrounding and accelerate the diffusion motion, so that particles would quickly fill the extinguishing room. It 
could be also found from Fig.6 and Fig.7, at the same time, the flooding height at larger driving pressure was higher than the 
lower one, which indicated that larger driving pressure could accelerate the flooding process of the particles in the 
extinguishing room. 
Fig.9 was the particle concentration curves of monitoring area which was showed in Fig.1. It could be seen that particles 
released at 1.2MPa firstly entered into the monitoring area at 0.09s. For 0.8MPa and 1.0MPa, the time became 0.20s and 
0.13s. It indicated that the larger the driving pressure, the more quickly for particles entering into fire source area. In 
addition, for 0.8MPa, 1.0MPa and 1.2MPa, the population standard deviations of the concentration curves were 0.08, 0.06 
and 0.09 respectively. So, when compared with the other two curves, the curve for 1.0MPa showed smaller fluctuation, 
which indicated a uniform distribution in the fire source area. It could be also found that when the room was full filled with 
particles, particle concentration value in fire source area was highest at 1.2MPa. 
The flame shapes after interacting with particles released at different driving pressures were showed in Fig.10 and Fig.11. 
It could be seen that SPEA penetrated fire plume and then inhibited the flame after being released. When interacting with 
SPEA, the flame height decreased and the flame width increased. And the flame height was inversely proportional to the 
driving pressure while the flame width was directly proportional to the driving pressure. 
4 Conclusions 
(1) The converging nozzle could enhance the capacity of SPEA to penetrate fire plume. And the larger the driving 
pressure, the more quickly for particles entering into fire source area. Particles released at 1.2MPa firstly entered into 
the monitoring area at 0.09s. For 0.8MPa and 1.0MPa, the time became 0.20s and 0.13s. 
(2) For the driving pressure of 0.8MPa, 1.0MPa and 1.2MPa, the time for particles filling the extinguishing room 
(particles reached both the top and up corner of the extinguishing room) was 1.5s, 1.9s and 1.7s, respectively. When the 
room was full filled with particles, particle concentration value in fire source area was highest 1.2MPa. At 1.0MPa, particle 
concentration in fire source area less changes. 
(3) The upward speed of fire plume would be 5m/s. When interacting with SPEA, the flame height decrease and the 
flame width increase. 
(4) Eddies, which appear easily at lower driving pressure, can also drive particles to fill the extinguishing room quickly, 
but with uneven distribution. Larger driving pressure can accelerate the motion of particles to fill the extinguishing room. 
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Fig.1. Physical Model. 
 
 
 
Fig.2. Temperature distribution (t=10s).                     Fig.3. Mass fraction of CO2 (t=10s). 
Notes: The vertical coordinates of Fig.2 and Fig.3 are temperature (K) and mass fraction color bar respectively. 
 
 
 
(a) 0.8MPa                       (b) 1.0MPa                       (c) 1.2MPa 
Fig.4. Motion of fire extinguishing agent particles released at different driving pressures (t=0.05s). 
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(a) 0.8MPa                       (b) 1.0MPa                       (c) 1.2MPa 
Fig.5. Motion of fire extinguishing agent particles released at different driving pressures (t=0.2s). 
 
               (a) 0.8MPa                   (b) 1.0MPa                           (c) 1.2MPa 
Fig.6. Motion of fire extinguishing agent particles released at different driving pressures (t=0.5s). 
 
              (a) 0.8MPa                          (b) 1.0MPa                         (c) 1.2MPa 
Fig.7 Motion of fire extinguishing agent particles released at different driving pressures (t=0.8s) 
 
(a) 0.8MPa (t=1.5s)                (b) 1.0MPa (t=1.9s)                 (c) 1.2MPa (t=1.7s) 
Fig.8 Motion of fire extinguishing agent particles released at different driving pressures 
Notes: The vertical coordinates of Fig.4 to Fig.8 are release time color bars (s). 
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Fig.9. Particle concentration curve in monitoring area at different driving pressures. 
 
               (a) 0.8MPa                          (b) 1.0MPa                          (c) 1.2MPa 
Fig.10. Varying process of flame shape after interacting with particles released at different driving pressures (t=0.05s). 
 
               (a) 0.8MPa                          (b) 1.0MPa                          (c) 1.2MPa 
Fig.11. Varying process of flame shape after interacting with particles released at different driving pressures (t=0.1s). 
Notes: The vertical coordinates of Fig.4 to Fig.8 are mass fraction color bars of CO2. 
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